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2.4. Deep Learning Hybrid model
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2.6.2 Fl-score
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3.2. MFCC
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33. 14 A3: o]A i

3.3.1. ConvLSTM

B oAe) B sl A WA mde AAY dolE S 249§
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Fed = AdEZ ) return_sequences=False 502 ulxu} Al Ao &&

e FstEEs AAsd ol AF AlRAA e 24 A SHE FdHE

_34_



2) Flatten
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3.3.2. CNN + Bidirectional LSTM
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2 olge} Zow olE HAER FAHT] Fof HY

HA dE o AAE Fel= (batch_size, timesteps, features, channel)

Z5 7HAH, o] FolA timesteps Y-S Wt AAIE AHRIE EAS
featuresi= 3+ A HoA 2] EA channelS 12 2302 g 182 HAAIr}. o
$ dolol= v5e @A 725 JHIth

1) TimeDistributed(Conv1D)

2 WA #elo]&  TimeDistributed(ConvlD(filters=32, kernel_size=3,
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3.6. Cross validation
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<¥ 1. MFCC 7]%¢] convLSTM

2

2 AdE>

Accuracy | Precision Recall Fl-score | Specificity

fold = 1

seg?2, relu 0.9065 0.9658 0.8237 0.8891 0.9756
seg?2, softmax 0.8416 0.8883 0.7098 0.7891 0.936

seg3, relu 0.9038 0.9222 0.8404 0.8794 0.9492
seg3, softmax 0.8687 0.8982 0.8026 0.8477 0.924

fold = 2

seg?, relu 0.5446 0 0 0 1
seg?, softmax 0.8631 0.8181 0.8641 0.8405 0.8623

seg3, relu 0.7383 0.8242 0.4741 0.602 0.9275
seg3, softmax 0.8754 0.8918 0.8266 0.8579 0.9162

fold = 3

seg?2, relu 0.9311 0.9245 0.9242 0.9244 0.937
seg?2, softmax 0.8546 0.8375 0.8084 0.8227 0.8877

seg3, relu 0.9191 0.9418 0.8593 0.8986 0.9619
seg3, softmax 0.8658 0.8782 0.8188 0.8475 0.9051

fold = 4

seg?2, relu 0.9311 0.9479 0.8981 0.9223 0.9587
seg?, softmax 0.8516 0.8274 0.8144 0.8208 0.8783

seg3, relu 0.9052 0.9148 0.8522 0.8824 0.9431
seg3, softmax 0.8764 0.8875 0.8344 0.8601 0.9116

fold = 5

seg?, relu 0.5809 0.5748 0.3056 0.399 0.811
seg?, softmax 0.864 0.874 0.7878 0.8287 0.9186

seg3, relu 0.9113 0.9381 0.8432 0.8881 0.9601
seg3, softmax 0.8649 0.8854 0.8079 0.8449 0.926
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<3t 2. MFCC 7|%Fe] CNN+BILSTM =9 ZA¥} 3>

Accuracy | Precision Recall Fl-score | Specificity

fold = 1

seg?, relu 0.908 0.9361 0.8367 0.8836 0.9591
seg?, softmax 0.942 0.9596 0.8988 0.9282 0.9729

seg3, relu 0.8917 0.9224 0.8321 0.8749 0.9415
seg3, softmax 0.9416 0.9572 0.9126 0.9343 0.9659

fold = 2

seg?, relu 0.9123 0.9461 0.8375 0.8885 0.9658
seg?2, softmax 0.9472 0.9585 0.913 0.9352 0.9717

seg3, relu 0.9115 0.9253 0.8764 0.9002 0.9409
seg3, softmax 0.94 0.9526 0.9137 0.9327 0.962

fold = 3

seg?2, relu 0.9056 0.9104 0.8584 0.8837 0.9395
seg?2, softmax 0.9434 0.9508 0.9116 0.9308 0.9662

seg3, relu 0.8479 0.7952 0.897 0.843 0.807
seg3, softmax 0.9416 0.9598 0.9098 0.9341 0.9682

fold = 4

seg?, relu 0.8952 0.9464 0.7937 0.8634 0.9678
seg?, softmax 0.9447 0.9691 0.896 0.9311 0.9796

seg3, relu 0.9184 0.9403 0.8764 0.9072 0.9535
seg3, softmax 0.9272 0.9452 0.8919 0.9178 0.9568

fold = 5

seg?2, relu 0.8967 0.8922 0.8599 0.8737 0.9259
seg?2, softmax 0.9428 0.9687 0.8918 0.9286 0.9793

seg3, relu 0.9081 0.9243 0.8694 0.896 0.9405
seg3, softmax 0.9375 0.9415 0.9199 0.9306 0.9522
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4.1.3 convLSTM
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<#* 3. ConvLSTM =29 A3 x>

Accuracy | Precision Recall Fl-score | Specificity

fold = 1

seg?, relu 0.9437 0.8758 0.758 0.8127 0.9793
seg?, softmax 0.8693 0.7443 0.2884 0.4157 0.981

seg3, relu 0.9531 0.9291 0.7661 0.8398 0.9888
seg3, softmax 0.8524 0.6614 0.1627 0.2612 0.9841

fold = 2

seg?, relu 0.9442 0.8854 0.7511 0.8127 0.9813
seg?2, softmax 0.8732 0.7986 0.2855 0.4206 0.9862

seg3, relu 0.8895 0.8404 0.3836 0.5267 0.9861
seg3, softmax 0.8514 0.6138 0.1965 0.2977 0.9764

fold = 3

seg?2, relu 0.9381 0.9637 0.6405 0.7695 0.9954
seg?2, softmax 0.8725 0.7126 0.3515 0.4708 0.9727

seg3, relu 0.9413 0.8787 0.7352 0.8006 0.9806
seg3, softmax 0.8595 0.6215 0.3161 0.419 0.9632

fold = 4

seg?, relu 0.9468 0.9301 0.7245 0.8145 0.9895
seg?, softmax 0.8697 0.7291 0.3058 0.4309 0.9781

seg3, relu 0.9498 0.8962 0.7766 0.8322 0.9828
seg3, softmax 0.8659 0.7233 0.2653 0.3882 0.9806

fold = 5

seg?2, relu 0.948 0.9453 0.7194 0.817 0.992
seg?2, softmax 0.8663 0.6872 0.3146 0.4316 0.9725

seg3, relu 0.8397 0 0 0 1
seg3, softmax 0.8505 0.7118 0.1131 0.1951 0.9913
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4.14 CNN + BiLSTM hybrid model
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<3t 4. CNN+BILSTM =9 ZA¥}3x>

Accuracy | Precision Recall Fl-score | Specificity

fold = 1

seg?, relu 0.9634 0.9165 0.8505 0.8823 0.9851
seg?, softmax 0.962 0.9489 0.8077 0.8727 0.9916

seg3, relu 0.9675 0.9288 0.8632 0.8948 0.9874
seg3, softmax 0.9639 0.9361 0.8318 0.8308 0.9892

fold = 2

seg?, relu 0.9653 0.9578 0.8213 0.8843 0.993
seg?2, softmax 0.9645 0.9517 0.8216 0.8819 0.992

seg3, relu 0.9634 0.9176 0.8477 0.8812 0.9855
seg3, softmax 0.9632 0.9251 0.8383 0.8796 0.987

fold = 3

seg?2, relu 0.9657 0.9414 0.8396 0.8876 0.99
seg?2, softmax 0.9618 0.9443 0.8111 0.8726 0.9908

seg3, relu 0.966 0.9109 0.8737 0.8919 0.9837
seg3, softmax 0.9655 0.8999 0.8831 0.8914 0.9813

fold = 4

seg?, relu 0.9644 0.9358 0.8367 0.8835 0.989
seg?, softmax 0.9619 0.9428 0.8129 0.8731 0.9905

seg3, relu 0.9623 0.9566 0.8014 0.8721 0.993
seg3, softmax 0.9627 0.9444 0.8152 0.8751 0.9908

fold = 5

seg?2, relu 0.9645 0.9296 0.844 0.8847 0.9877
seg?2, softmax 0.9587 0.9115 0.8239 0.8655 0.9846

seg3, relu 0.9695 0.9509 0.8538 0.8997 0.9916
seg3, softmax 0.9666 0.9304 0.8555 0.8914 0.9878
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<E 5 AF A% FE
AVG_F1 AVG_AUC
MFCC + convLSTM

seg?2, relu 0.62696 0.77884
seg?, softmax 0.82036 0.85498

seg3, relu 0.8301 0.87554
seg3, softmax 0.85162 0.87024

MFCC + CNN_BILSTM

seg?2, relu 0.87858 0.90356
seg?, softmax 0.93078 0.94402

seg3, relu 0.88426 0.89552
seg3, softmax 0.9299 0.93758

convLSTM

seg?2, relu 0.80528 0.94416
seg?, softmax 0.43392 0.8702

seg3, relu 0.59986 0.91468
seg3, softmax 0.31224 0.85594
CNN_BILSTM

seg?2, relu 0.88448 0.96466
seg?, softmax 0.87316 0.96178

seg3, relu 0.88794 0.96574
seg3, softmax 0.88366 0.96438
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Precision

<% 6. Filter Bank = 40 A 3}>

precision recall fl-score support
Class 0 0.9479 0.9621 0.955 4940
Class 1 0.946 0.9263 0.936 3539
Accuracy 0.9472 8479
macro—avg 0.947 0.9442 0.9455 8479
weighted—avg 0.9471 0.9472 0.9471 8479
Lo Fold 3 - PR Curve (Binary CNN + BILSTM)
0.8 -
0.6 -
0.4 -
0.2
—— AUC=0.982, F1=0.937
0.0 ] ] .
0.0 0.2 L0

Recall

_64_
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Precision

<3 7. Filter Bank = 64 A3}>

precision recall fl-score support
Class 0 0.9335 0.9779 0.9552 4940
Class 1 0.967 0.9028 0.9338 3539
Accuracy 0.9466 8479
macro—avg 0.9503 0.9404 0.9445 8479
weighted—avg 0.9475 0.9466 0.9463 8479
Lo Fold 4 - PR Curve (Binary CNN + BILSTM)
0.8 -
0.6 -
0.4 1
0.2 1
—— AUC=0.982, F1=0.936
0-0 T T T T T T
0.0 0.2 0.4 0.6 0.8 10
Recall

<219 8> Filter Bank = 64 PR-Curve>
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Precision

<¥* 8. Filter Bank = 128 Z3}>

precision recall fl-score support
Class 0 0.943 0.9672 0.9549 4940
Class 1 0.9525 0.9183 0.9351 3539
Accuracy 0.9468 8479
macro—avg 0.9477 0.9428 0.945 8479
weighted—avg 0.947 0.9468 0.9467 8479

1.0

Fold 3 - PR Curve (Binary CNN + BILSTM)

0.8

0.6

0.4 1

0.2

0.0

—— AUC=0.981, F1=0.936

0.0

Recall
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Precision

<3 9. Filter Bank = 256 23>

precision recall fl-score support
Class 0 0.9455 0.9551 0.9502 4940
Class 1 0.9364 0.9231 0.9297 3539
Accuracy 0.9417 8479
macro—avg 0.9409 0.9391 0.94 8479
weighted—avg 0.9417 0.9417 0.9417 8479

Lo Fold 5 - PR Curve (Binary CNN + BILSTM)

0.8

0.6

0.4 1

0.2

—— AUC=0.980, F1=0.931

0.0

0.0 0.2 0.4 0.6 0.8
Recall

<219 10> Filter Bank = 256 PR-Curve
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4.3. 32+ A 3: Mel Filter Bank & W3}

431 23 4%

2 AdddAM = v Fd& E7FA MFCCO &84S H7kstr] 914,

CNN+BILSTM 29 %2 w43 Ao MFCC A4 oF 2 A+ 7
=9 &43} 3<F(RelU, Softmax) el wE u 714 2AdS AAHY. &
v AL 5-fold AHEE S FaAdom, HIAEE macro-Fl score,

weighted-F1 score, accuracy® T 3th £33 AHE-AdAE&(PR) 4SS 7]
gro g Fead R 5A4E AZstste] Hlal #A4& Wastaat g o
of Aol adxz= 7 A A MY =& dsS Eel folde] A
£ Vo2 AN

A v A3 v 7 231 F MFCCE ARE38HAl %2 CNN+BILSTM

8 45 /%89 d, Holo] MFCCE 489
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Precision

<3t 10. CNN+BILSTM 4 #}>

precision recall fl-score support

Class 0 0.9802 0.9900 0.9851 7105
Class 1 0.7861 0.7488 0.7670 211
Class 2 0.9244 0.8980 0.9100 490
Class 3 0.8800 0.4783 0.6197 46
Class 4 0.9804 0.9261 0.9525 487
Accuracy 0.9719 8339
macro—avg 0.9098 0.8082 0.8469 8339
weighted—-avg 0.9714 0.9719 0.9712 8339

1.0

0.8

0.6

0.4 1

0.2 A

0.0

—— Class 0 (AUC=0.998
—— Class 1 {AUC=0.826, F1=0.771)
— Class 2 (AUC=0.958, F1=0.912)
—— Class 3 (AUC=0.626, F1=0.682)
—— Class 4 (AUC=0.984, F1=0.956)

, F1=0.985)

Fold 5 - PR Curves (CNN + BILSTM)

T
0.0

T
0.2

T
0.4

Recall

T
0.6

<229 11> CNN+BILSTM PR-Curve
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Precision

<3t 11. MFCC+CNN+BILSTM 2 #}>

precision recall fl-score support

Class 0 0.9787 0.9882 0.9834 7105
Class 1 0.8353 0.6730 0.7454 211
Class 2 0.8454 0.8592 0.8522 490
Class 3 0.6250 0.2174 0.3226 46
Class 4 0.9792 0.9671 0.9731 487
Accuracy 0.9671 8339
macro—avg 0.8527 0.7410 0.7754 8339
weighted—avg 0.9653 0.9671 0.9654 8339

1.0

0.8

0.6

0.4

0.2 A

0.0

Fold 4 - PR Curves (CNN + BILSTM)

—— Class 0 (AUC=0.996, F1=0.984)
—— Class 1 (AUC=0.838, F1=0.787)
—— Class 2 (AUC=0.921, F1=0.855)
—— Class 3 (AUC=0.425, F1=0.494)
—— Class 4 (AUC=0.997, F1=0.988)

1 —
e

T
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T
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T
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T
0.6

T
0.8

<71¥ 12> MFCC+CNN+BIiLSTM PR-Curve
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Precision

<3} 12. CNN+BiLSTM-+softmax 24 3}>

precision recall fl-score support

Class 0 0.9577 0.9873 0.9723 7105
Class 1 0.8482 0.4502 0.5882 211
Class 2 0.8753 0.7751 0.8221 490
Class 3 0 0 0 46
Class 4 0.9167 0.8809 0.8984 487
Accuracy 0.9496 8339
macro—avg 0.7196 0.6187 0.6562 8339
weighted—avg 0.9424 0.9496 0.9441 8339

1.0

0.8

0.6

0.4

0.2 A

0.0

Fold 2 - PR Curves (CNN + BILSTM)

——— Class 1 (AUC=0.571, F1
—— Class 2 (AUC=0.885, F1
—— Class 3 (AUC=0.163, F1
—— Class 4 (AUC=0.946, F1

—— Class 0 (AUC=0.990, F1=0.973)
=0.609)
=0.828)
=0.276)
=0.902)

T T
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T
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T
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<19 13> CNN+BILSTM+softmax PR-Curve
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Precision

<3 13. MFCC+CNN+BiIiLSTM+softmax>

precision recall fl-score support

Class 0 0.9520 0.9900 0.9706 7105
Class 1 0.6250 0.1659 0.2622 211
Class 2 0.8266 0.7102 0.7640 490
Class 3 0 0 0 46
Class 4 0.9873 0.9589 0.9729 487
Accuracy 0.9454 8339
macro—avg 0.6782 0.5650 0.5939 8339
weighted—avg 0.9331 0.9454 0.9353 8339

1.0

0.8

0.6

0.4

0.2 A

0.0

Fold 5 - PR Curves (CNN + BILSTM)

—— Class 0 (AUC=0.992, F1=0.972)
—— Class 1 (AUC=0.416, F1=0.452)
—— Class 2 (AUC=0.843, F1=0.773)
—— Class 3 (AUC=0.177, F1=0.312)
—— Class 4 (AUC=0.991, F1=0.976)

0.0

T
0.2

<219 14> MFCC+CNN+BILSTM+softmax PR-Curve
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ABSTRACT

ECG Armrhythmia Classification Using a Hybrid CNN-BiLSTM:
Task-Dependent Evaluation of MFCC and Softmax Effectiveness

This study proposes the application of Mel-Frequency Cepstral Coefficients (MFCC),
commonly employed in speech signal analysis, to the analysis of ECG (Electrocardiogram)
signals in order to address limitations found in existing deep learning-based approaches.
Traditional methods based on FFT or wavelet transforms often suffer from temporal
information loss or struggle to capture diverse waveform patterns. In contrast, MFCC
offers the advantage of simultaneously reflecting nonlinear frequency characteristics and
temporal features.

Hybrid deep learning architectures, including ConvLSTM and CNN+BiLSTM, were
designed using MFCC-based inputs. Model performance was evaluated under varying
conditions, including MFCC application, segment length (2s/3s), and activation functions
(ReLU/Softmax) in convolutional layers. Notably, the experimental application of the
Softmax function —unconventionally applied to convolutional layers— facilitated selective
emphasis on salient features and contributed to improved performance. The CNN+BiLSTM
model combining MFCC and Softmax maintained a consistently higher performance than
models without MFCC.

In addition, the model's response to different input configurations and classification
settings was investigated by modifying the number of MFCC filter banks and applying a
multi-class classification scheme. By excluding Q-waveforms and focusing on clinically
relevant classes, this study also explored the practical applicability of the approach. These
findings suggest that MFCC-based ECG classification extends beyond structural
enhancements and may contribute to real-time clinical decision-making and the development

of advanced monitoring systems.

Key words : ECG, MFCC, Multi-class classification, Filter bank, CNN, BiLSTM, Softmax
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